Larvae of Drosophila melanogaster produce a haemocytic reaction against eggs of the parasitoid Leptopilina boulardi, which leads to the formation of a multicellular capsule surrounding the foreign object. Melanization resulting from the conversion of phenol to o-quinones frequently accompanies the cellular reaction. Although various cytological and biochemical aspects of this reaction have been investigated, very little is known about genetic determinism of the insect immune response. The heredity of the capacity to encapsulate was analysed by comparing 16 reciprocal crosses made using inbred resistant and susceptible parental strains. We conclude that differences in the encapsulation capacity of D. melanogaster are inherited autosomally, with the reactive phenotype showing complete dominance over the non-reactive one. There were neither sex-linked nor maternal effects. The results of all crosses suggest a single major segregating locus with two alleles and complete dominance of the resistant allele, with cytoplasmic factors and minor modifying genes acting on the major locus.
Introduction
Against parasites and other non-self components that are too large to be phagocytosed by individual cells, insects produce a blood cell or haemocytic reaction that leads to the formation of a multicellular capsule surrounding the foreign object. Melanization resulting from the conversion of phenol to o-quinones frequently accompanies the cellular reaction and has long been considered an important component in the immune response of insects (Taylor, 1969) . The formation of melanotic capsules is a consistent feature of the immune response of Drosophila larvae against various parasitoids (Rizki & Rizki, 1984; Nappi & Carton, 1986) , and when attempts are made to inhibit the formation of melanin, the capacity of host larvae to form melanotic capsules is diminished (Nappi, 1973) .
Similar results have been documented in another parasitized insect (Brewer & Vinson, 1971) .
Because the phenol oxidase enzyme complex is involved in the initial stages of the biosynthesis of melanin, considerable interest has been focused on this enzyme system as a major component of the cellular immune responses of insects and other arthropods Correspondence: Y. Carton. Götz & Boman, 1985) . Some investigators (Söderhall, 1982; Ashida et a!., 1982; Ratcliffe et a!., 1984; Leonard et al., 1985) have even proposed that the phenoloxidase system may function as the non-self recognition system in anthropods.
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At present, very little is known about genetic determinism of the insect immune response. The only investigations, which are incomplete, were made by Schlegel-Oprecht (1953) and Walker (1959) . Cross experiments between two field populations of D.
melanogaster with opposite defense reactions to eggs of the parasitic wasp Leptopilina heterotoma, support the hypothesis of a polygenic system with partial dominance for capsule formation. The genetics of biogenic amine metabolism, melamzation and sclerotization is well documented in D. melanogaster (Wright, 1987) . In this species, the phenol oxidase system is comprised of three pro-enzymes which interact with at least six other protein components in a cascade of reactions to produce an active enzyme (Ohnishi, 1954; Mitchell & Weber, 1965; Seybold et a!., 1975) . The three proenzymes are encoded by different genes (Rizki et a!., 1985) .
We have previously demonstrated, using the isofemale strain method, a high genetic variability of the encapsulation ability among a wild African population of Drosophila against the egg of the parasitic wasp Leptopilina boulardi (Carton & Bouletreau, 1985; 
Materials and methods

Origin of strains
The isofemale line method (Hoffman & Parsons, 1988) was used to screen and select the inbred strains of D. melanogaster with opposite immune capacities with respect to the parasitoid L. boulardi. Since 1980, 22 isofemale lines established from an African population of Drosophila melanogaster (Brazzaville, Republic of Congo) have been kept in separate laboratory cultures (Carton & Bouletreau, 1985) . This method permits us to maintain, over several years, the capacity of the D. melanogaster population to encapsulate. Thus, in the year 1989, we again created a mass culture starting from five females per line (i.e. 110 females) from the set of isofemales lines established in 1980. To develop our biological model, we used this approach to select for a highly reactive strain (R strain) by crossing for two successive generations individuals issued from the mass culture created during 1989, which exhibited an encapsulation that contained melanized and encapsulated parasites in their abdomen after infection . The non-reactive strain (S strain) was obtained from the isofemale line whose progeny showed the lowest immune capacity (Carton & Bouletreau, 1985) ; after 9 years of laboratory culture the level of encapsulation in this susceptible line was only about 2 per cent. The parasitic wasp L. boulardi, used in this study, was caught in the same locality as the host. To minimize the genetic variation of the parasite's ability to evade encapsulation (Carton et al., 1989) , all the individuals used for this investigation were derived from a single female originating from this locality.
Bioassayprocedure
Bioassays were conducted in a plexiglass box containing two batches of 20 host larvae deposited each on a small disc of artificial medium. One batch corresponded to the strain to test, the other one to the control, i.e. the reactive strain. Four females of L. boulardi were introduced for 8 h into the box and oviposited in the second instar larvae (24 h after hatching). Forty hours after the end of infection, host larvae (early third instar) were dissected and the status of the parasitoid egg determined (encapsulated or not). All experiments were conducted in a constant temperature room held at 2 5°C.
The encapsulation rate (per cent) was calculated by the ratio of the encapsulated egg number to the recovered egg number. For each cross, four to 14 replicates (each with 20 larvae submitted to infection) were done.
Dissection of larvae did not permit us to differentiate the sex. However, by careful dissection and analysis of reproductive organs of very late third instar larvae of Drosophila, we were able to identify on a few animals the sex with an error of less than 5 per cent.
For the test with a single gene model, infected larvae were classified into two classes; the resistant ones (larvae which encapsulated at least one egg) and the susceptible ones (larvae which did not encapsulate).
Cross procedure Two generations of reciprocal crosses (Table 1) between the reactive or resistant (R) and the non-reactive or sensitive (S) strains were performed to yield 16 lines of progeny: two parental strains, two F1 hybrids, four separate backcrosses to both the S and R strains and F2 hybrids. Each line was tested for encapsulation capacity at the larval stage as described above.
Statistical analysis A test of normality of data values was made utilizing the Shapiro-Wilk statistics (W), a univariate procedure for sample size less than 2,000, using the SAS general linear model procedure (SAS Institute Inc., 1988) : low values of W lead to rejection of the null hypothesis (i.e. data values are a random sample from a normal distribution).
Analyses of variance (ANOVA ) using the SAS general linear model procedure were performed to determine the mode of inheritance of the cellular immune capacity. Comparisons were made according to the methods proposed by Wahisten (1979) and de Belle & Sokolowski (1987) and included the following which are referenced in Table 1 (crosses contrasted are given in parentheses. Cross numbers refer to those described in Table 1): 1 S versus R parental strains (1 vs 2) to test the differences between the two parental lines. 
Test with a single gene model
We used Mendelian analysis of reactive/susceptible larvae ratios to test a single gene model. A reactive larvae is recognized as an individual that has encapsulated at least one egg. In fact, in our laboratory experimental conditions of infestation (see above), monoparasitism is common and superparasitism (more than one egg per host larvae) is rare (<8 per cent). 
Evaluation of the level of encapsulation in the various crosses
The 16 crosses were tested: two parental strains, two F1 hybrids, four backcrosses to sitter, four backcrosses to rover and F2 hybrid lines. The mean encapsulation rates (per cent) standard error (S.E.) are presented in Table 1 for all the 16 crosses.
Larvae of the selected resistant strain have significantly higher encapsulation capacity than larvae of the sensitive strain (t= 18.58, d.f.=26, P<0.001) as confirmed by replicate tests (n = 14). The mean encapsulation rate of the reactive strain is 82.6 per cent and for the sensitive one, 2.9 per cent.
We observed for each of 16 crosses (except for the parental non-reactive strain) that replicate data, despite their representation as a percentage, show a normal distribution ( The type of inheritance
The similarity of the encapsulation rate for the resistant parent cross, B and F2 implies a typical complete dominant effect (Table 3 ). This is comfirmed by comparison between the encapsulation rate observed in each reciprocal cross, P1, P2, F1, B, BR and F2 (Table 4) and suggests a genetic relationship based on a single gene model.
Testing the fit of a single gene model
The larvae in the different crosses, according to their cellular response to the parasitoid (reactive or nonreactive) were distributed in two classes, the resistant class and the sensitive class (Table 4) . Chi-square analysis of resistant/sensitive ratios prove that these data fit perfectly a single gene, complete dominance model of inheritance. Observed ratios do not differ significantly from the expected Mendelian ratios in all the reciprocal crosses observed.
Discussion
Selection against the parasitoid L. boulardi resulted in the production of two D. melanogaster strains, a highly resistant strain and one highly susceptible to the parasite. These two strains cannot be considered as isogenic but rather highly homozygous because sister-brother crosses over several generations (25 generations for the resistant line, 210 generations for the susceptible line) have rendered these strains so far pure.
Crosses between the two selected strains of D.
melanogaster give very useful information on the genetic determinism of the cellular encapsulation process. The ability to select rapidly a strain of Drosophila with a **Highly significant (P <0.01); NS = not significant. This phenomenon, which also has been observed by other investigators (Bauer & Sokolowski, 1985) (Collins et al., 1986) or to blue tongue virus (Tabachnick, 1991) . Our present knowledge of the mechanisms regulating the cellular and biochemical changes associated with insect immunity is less than adequate to allow us to do more than speculate on the nature of the genetic control of this process. Most authors recognize the role played by certain biogenic amines and their derivates in the formation of melanotic capsules around parasites (see Gotz & Boman, 1985) but little is understood about how the genetically encoded enzymes involved in catecholamine metabolism are activated in response to parasite infection. Phenol oxidases have long been considered to play a key role in the effector response of immune activated haemocytes against nonself (Christensen & Tracy, 1989; Söderhall et al., 1990; Ashida, 1990) , particularly in Drosophila . These observations have led some investigators to link opsonic properties of the proenzyme-activating cascade with an immune recognition function (Söder-hall, 1982; Ratcliffe eta!., 1984; Leonard et al., 1985; Ashida & Yoshida, 1988) . It remains to be ascertained that activation of the phenol oxidase system is a result of a recognition response rather than its cause. Genetically selected strains, such as these studied here, could certainly help us to investigate this crucial step in invertebrate immunology.
In addition, haemolymph components other than catechols may also be involved in the immune response of Drosophila. Recognition-specific proteins have been found in some other insects (Söderhall et al., 1988; Ochiai & Ashida, 1988; Richards et al., 1989; Jomori et al., 1990) and one species of crayfish (Duvic & Söderhall, 1990) .
One of our immediate concerns is to determine if our selection was specific for the parasitoid species L. boulardi and to ascertain if the selection process operates at the initial events of immune recognition of non-self, or at subsequent stages involving effector mechanisms (i.e. those associated with the cellular and biochemical killing responses) potentiated by the recognition process. In the work citied above (Collins et a!., 1989) an interesting result was that the selected refractory line of Anopheles with Plasmodium cynomolgi was ineffective with some strains of P.
inalariae. The physiological process, totally unknown, coded by the refractory gene, appears to be specific. Working with Drosophila, it is possible that we could locate the resistant gene with known genetic markers, and perhaps later dissect its structure and function more precisely.
